
AD AG2 069 MASSACHUSETTS INST OF TECH CAMBRIDGE DEPT OF CHEMISTRY 
FI 7/3

PHOTOGENERATION OF REACTIVE ORGANOMETALLIC SPECIES.(U)
JUN 81 M S WRIGHTON, J L GRAFF NOOl-75-C-O880

UNCLASSIFIED TR-27 NL*" Ehllmhhhhhh.
lllllllll EN



UNCLASSIFED_
SECJRITvY" , tSI I ZATIO" OF TS PA E 'When Data Entered) /

READ INSTRUICTIONS
"/ REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

7 r, F 2. GOVT ACCESSION NO. 3. RECIPtENT'S CATALOG NUMBER, .,= oo zooj,,& i
ONR R-27 A. 9_____________

--CPhotogeneration of Reactive OrganometalTic"
Speces* . a~I~c~~ nterim,'iechnical.R-L Species# .

S. PERFORMING ONG. REPORT I

S7. AUT'HORO') ---. CONTRACT OR GRANT NUMDEWe)

Mark S./Wrighton,,James L. Araff, Romas J. N
azlauskas)I"James C. 'Mitch6nero Carol L. j L-NOl4-75-C-0880

Reichel _

SPERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK

Department of Chemistry, Rm. 6-335 AREA & WORK UNIT NUMBERS

Massachusetts Institute of Technology
0 Cambridge, Massachusetts 02139 U.S.A. NR 051-579

- I. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT OATE

Office of Naval Research June 8, 1981
Department of the Navy / / "i. NUMIERO PAGES
Arlington, Virginia 22217 '24

14. MONITORING AGENCY NAME & AODRESS(lf WtlfU htee C frllllnj0Ofle) -J5. SECURITY CLASS. (of (hle ropeft)

• .UNCLASSI FIED
/c/

15 .S. DECLASSIFICATION
/ 

DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Repe"t)

Approved for public release; reproduction is permitted for any
purpose of the United States Government; distribution is unlimited.

DT"'+
17. DISTRIBUTION STATEMENT (of thle Abstract anterod in Block 20. it different from )tape"l)- . ,.

Distribution of this document is unlimited. JUL 2 1

IIS. SUPPLEMENTARY NOTES D

Prepared amd accepted for publication in Pure and Applied Chemistry.

IS. KEY WORDS (Continue ot On e e aide If ncoeeW& A" ldelnttf& bY block minber)

Photochemistry, organometallics, catalysis, reaction mechanisms.

20. ABSTRACT (Canting* an rvee Aide If neeoo TV ind ldenttl A block nmba.)

Dissociative loss of CO or H2 or homolysis of metal-metal bonds can be the
result of photoexcifation of organometallic molecules at low temperature. The

L resulting coordinatively unsaturated species are generally quite reactive.
L Recent studies of the chemistry resulting from photoexcitation of several

organometallic systems at <25°C are summarized. Study of alkyl complexes such
as (n5_-C5 R'5 )M(CO)3 R and (--CsR'5)M'(CO)2R (R' = H, CH3 ; M = Mo, W; M' = Fe,
Ru; R CH3 1, C2H5, n-C5Hjj) shows that efficient dissociative loss of CO occurs

DOR 1473 tDIuTIoN OF NOV6 is OSSOItTe
DI ,O 4sA(eUNCLASSI FI EDSIX 0102-014-46031 SECURITY CLASSIFICATION4 COP THIS P, (MON 0-11.10



UNCLASS" c' D ,
-u_ In'tv C1.AS I !I - 04 i O T 41S *'A, D , e t af Entered)

as :ne onl/ :r>-!--' ier--ica' result from onC~Texc4:3:ion. For .he complexes
naving -H's :he 16-valence-electron species r-ceid r:ecr -1- :rans~er to
give an 13-vatence-elec:rn nydride. For the ."o an. ., scecies tne scectro-
scopic ooservaticn of zne 16-valence-electron soecies at Iow temperature is
Possible and conversion to t:he hydride can De monitorec. Fe C3"5 and
Fe3(CO)1 2 are shown to yield extraordinarily active catalysts for alkene
isomerization and nydrosilation, and low temperature irradiation yields
infrared detectable internmediates believed to be important in the catalytic
cycle. Study of R3SiCo(CO). and related species, including

Q-o-SiCo(CO) (\, -siO2 , Al2 0), shows loss of CQ to dominate the
chemical decay paths following photoexcitation. Irradiation of the
silyl-Co(CO). yields catalytically active species for alkene hydrosilation
having a turnover rate approaching that for thermal catalysis by
Co2 (CO)s. Photoexcitation of the hydrides HM(OPPE) 2 (M - Mo, II; OPPE
Ph2 PCHZCH 2 PPh), H4Ru 4(CO) 1 2 , H2Ru.(CO) 1 3 , HZOs 3(CO) 1 0 , and
H2Os3(C) 10(PPh 3) accelerates the rate of reduction reactions, presumably
via the generation of coordinatively unsaturated hydride intermediates.

4.

UNCLASSI FIED
SECURITY CLASIPICATION OF TWilS PAGIECWWOR 0 O aOg lried



OFFICE OF NAVAL RESEARCH

CONTRACT NO001 4-75-C-0880

Task No. NR 051-579

TECHNICAL REPORT NO. 27

"PHOTOGENERATION OF REACTIVE ORGANOMETALLIC SPECIES"

by

Mark S. Wrighton, James L. Graff, Romas J. Kazlauskas,

James C. Mitchener, and Carol L. Reichel

Department of Chemistry
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

Prepared for publication in Pure and Applied Chemistry

June 8, 1981

Reproduction in while or in part is permitted for any

purpose of the United States Government

This document has been approved for public release and
sale; its distribution is unlimited.

Accession ForrNTIS GRA&I
tDTIC TAB
Un~nnounc ed ]

Distribit o/

D a SpI. c3I 1

*1 81 7 27 12@



PHOTOGENERATION OF REACTIVE ORGANOMETALLIC SPECIES

Mark S. Wrighton, Jares L. Graff, Romas J. Kazlauskas, James C. Mitchener,
and Carol L. Reichel

Department of Chemistry, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, U.S.A.

Abstract - Dissociative loss of CO or H2 or homolysis of metal-metal bonds
can be the result of photoexcitation of organometallic molecules at low
temperature. The resulting coordinatively unsaturated species are
generally quite reactive. Recent studies of the chemistry resulting from
photoexcitation of several organometallic systems at <25CC are summarized.
Study of alkyl complexes such as (Cj5-C5R 5s)M(C0) 3R an-d
(n'-CsR's)M'(CO)2R (R' - H. CH3; M = Mo, 14; M' = Fe, Ru; R = CH3, C2Hs,
n-CsHix) shows that efficient dissociative loss of CO occurs as the only
primary chemical result from photoexcitation. For the complexes having
B-H's the 16-valence-electron species rapidly undergo 2-H transfer to give
an 18-valence-electron hydride. For the Mo and W species the spectro-
scopic observation of the 16-valence-electron species at low temperature
is possible and conversion to the hydride can be monitored. Fe(CO)s and
Fe 3(C0) 12 are shown to yield extraordinarily active catalysts for alkene
isomerization and hydrosilation, and low temperature irradiation yields
infrared detectable intermediates believed to be important in the
catalytic cycle. Study of R3SiCo(CO)., and related species, including

-O--iCo(CO)4 (3 zSio2 , AlZQ 3 ) , shows loss of CO to dominate the

chemical decay paths following photoexcitation. Irradiation of the
silyl-Co(CO), yields catalyticafly active soecies for alkene hydrosilation
having a turnover rate approaching that for theyrl catalysis ty
Co2(CO)e, Photoexcitation of the hydrides HM(DPPE)2 (M Mlo, W; DPPE :
Ph2PCH 2CH2PPh2 ). HRu.(CO)12, HzRu.(CO),, H:Osj(CO): , and
H2Os3 (CO)j0 (PPh3 ) accelerates the rate of reduction reactions,
presumably via the generation of coordinatively unsaturated hydride
intermediates.

INTRODUCTION

Photoexcited transition metal orgarometallic complexes often undergo dissociative type
reactions leading to the production of reactive, coordinatively unsaturated intermediates
(Ref. 1). In some cases the reaction that occurs from the thermally equilibrated excited
state has a very low thermal barrier that allows observation of relatively efficient
chemistry at low temperatures. The ability to prepare high concentrations of
coordinatively unsaturated species at low temoerature can be exploited to spectroscopically
characterize species that could not be investigated by other means. The key is that with
photoexcitation intermediates can sometimes be synthesized at sufficiently low
temperatures that the subsequent thermal reactions are slow enough to allow studies of
structure and reaction chemistry. ThermAl generation of the same intermediate may be
possible, but in many cases the temperatures and conditions required do not lead to even
spectroscopically detectable concentrations.

Some of the best examples of the use of photochemistry to prepare reactive, coordinatively
unsaturated complexes for structural characterization concern metal carbonyls that undergo
dissociative loss of CO at low temperature in rigid matrices, eq. (1), (Ref. 2). A number

L M(CO) hv , L M(CO) (1)y( x low temperature, y X-l , CO
matrix

of photogenerated, coordinatively unsaturated species have now been characterized by
various spectroscopies including infrared, Raman, and uv-vis absorption. While it is true
that certain binary carbonyl systems can be prepared by metal atom/CO co-condensation,
(Ref. 3 & 4) the rational synthesis of complexes containing both CO and other ligands by
metal atom/CO/L co-condensation leads, at best, to mixtures, and in some cases it does not



appear that any synthesis other than photochemical is possible. For example, the photo-
chemical generation of the product from the low temperature irradiation of
(nr-CsHs)W(CO)CH3, eq. (2) (Ref. 5), would seem to represent the only clean preparation of

(5_CH)(OCHhv - t5-CsHs)(C)CH3 +O (2)
(n 5 5-CsH)W(CO)3CH3  low temperature, 5C 5 )W(CO)2 H3 + CO

matrix

the 16-valence-electron complex.

Coordinatively unsaturated organometallic species are important in stoichiometric and
catalytic syntheses. The use of light to generate the key intermediates at low temperature
can provide mechanistic insight into such synthetic procedures, since the intermediates can
be structurally characterized. Further, the photochemical procedure may have practical
advantages stemming from the ability to do the reaction at low temperature and from the fact
that reaction begins from an excited electronic state, not the ground electronic state as in
thermal reactions. The low temperature advantage is that thermally unstable products can be
prepared and isolated, and in catalysis thermally unstable substrates could be used. Also,
in catalysis the use of light to enter a catalytic cycle may change the rate limiting step
from catalyst generation to a step that is closer to product formation. The advantage in
reactions that begin from an excited electronic state is that processes can be observed that
have no importance from the thermal activation of the ground electronic state. A simole
illustration is the thermal chemistry vs. photochemistry of (n'-CGH)Cr(CO)3 in the presence
of mesitylene and pyridine, eq. (3) (Ref. 1). The fundamental basis for such large

A (dark) (n6_C6H3(CH ) Cr(CO) H

6 mesitylene, pyridine 3 33 3 + C66
(p6-C6H6 ) Cr(CO)3  (3)

hv (200 C) , 6-C6H6)Cr(CO(pyridine) + CO
mesitylene, pyri dine 6 6  COY

differences in the course of reaction from different electronic states is that the different
electronic structures have associated unique physical, structural, and chemical properties
that lead to substantial differences in reactivity patterns. A final advantage in photo-
activation vs. thermal activation is the on-off control that is possible with photo-
activation. Perhaps the best illustration is the use of photoinitiated Dolymerizatior
reactions in the fabrication of microstructures in the electronics industry.

In this article we wish to summarize some of our results concerning the photogeneration of
reactive organometallic species of importance in stoichiometric and catalytic syntheses.
The results from the study of four systems will be summarized: (1) _-H transfer induced by
irradiation of thermally inert, 18-valence-electron alkyl complexes where the role of lignt
is to generate a 16-valence-electron alkyl by ligand dissociation; (2) photocatalysis of
alkene isomerization and hydrosilation by photoactivation of Fe(CO)5 and Fe3(CO)!:;
(3) photochemistry and photocatalysis involving R3SiCo(CO). and related species; and
(4) photoactivation of reduction processes by mononuclear and polynuclear polyhydride
complexes. In every case irradiation promotes reaction at '25°C where thermal activation
alone leads to little or no reaction. Primary photoprocesses involve dissociative loss of
CO or H2 or cleavage of metal-metal bonds to yield the reactive coordinatively unsaturated
species.

STUDY OF a-HYDROGEN TRANSFER

The catalytic reactions of many organic substrates involves the intermediacy of species

having B C-H bonds. The B-H transfer process, illustrated by eq. (4) for the ethyl/ethylene

--- M (4)

H

hydride system, has possible importance in many situations. Generally, it is believed that
the M-alkyl - M(H)(alkene) process requires an open coordination site on the metal. Hence,
18-valence-electron M-alkyl complexes can be inert with respect to 5-H transfer chemistry

if the ligands in the coordination sphere are inert with respect to dissociation from the
metal. For example, species such as (,i5-CsHs)W(CO)2C2Hs are thermally inert at low
temperatures, but elevated temperatures yield the formation of products according to eq. (5).

2(n 5-C 5H5 )W(CO)3C2H5  - C2H4 + C2H6 + [(n
5 -C5H5)W(CO)3)2  (5)

Inasmuch as photosubstitution of (n5-CsHs)W(CO)hCH, occurs at low temperature, eq. (6), (Rdr.

n5 -C H CH + L hv 20C n 5)W()(nS-CH 5 ) (C (6)(n 5 5)W"CO)3 3 L u PPh3 (O C(P3)CH3 + CO



we felt that the dissociative loss of CO from the alkyl could be effected by photo-

excitation at low temperature. Such should allow the study of vie 16-valence-electron
alkyl species (- 5-CH 5 ).,(CO):R (R = CH., C2 Hs, etc.) at sufficiently low temperatures
that intermediate(s) in the thermal chemistry represented oy eq. .5 could be
characterized. Presumaoly, the rate limiting step in the thermal cnemistry is CO loss
to give a 16-valence-electron species that then rapidly undergoes :-H transfer to give an
intermediate alkene-hydride. At the temperatures required to e: truce tne CO the alkere-
hydride is decomposed to form the observed products. The ability to photochemically
extrude CO at low temperature can thus change the rate limiting step, possibly allowing the
study of steps that would be "fast" under ordinary thermal activation conditions.

Alkyl complexes of Mo and W: (- 5-C 5R')M(CO)3R
A preliminary report on the low temperature photochemistry of (.n-C.H 5.)(CO) 3(n-C.H::, has
appeared (Ref. 5), and the sequence represented by eq. (7) and (8) can be monitored by

( 5-CsH 5 )W(CO) 3( n-C5H11 ) 375n (n 5-C5H5 )W(CO)2 (n-C5Hll) + CO (7)

paraffin
matrix

(n5 C H)WCO)n warmup 5 CsH)WCO)2(I-C5Ho)(H) (8)

5 5 (2C'~"- ll) paraffin
matrix

infrared spectroscopy. Initially, the alkene-hydride is found in ouantitative yield ucon
355 nm + 15 nm irradiation in alkane solution at 20 0 C, but at very low temperatures tne
16-valence-electron alkyl precursor is the only detectable photoproduct. The photo-

generated 16-valence-electron species (r
5-CsHs)W(CO):R (R = CH,., n-CsH;:), eq. (2) and (7),

have nearly the same infrared absorotion soectra in the CO stretching region in a low

temperature paraffin matrix, -1950 ano 1865 cm': in a 1:1 absorbance ratio, but the reactions
for R = CH3 and n-CsH. are very different. For R = CH, the only detectable reaction .)on
warm-up is back reaction with CO to regenerate the 18-valence-electron starting material
For R = n-CsH11 the 16-valence-electron species yields the formation of tne alkene-nycrice
upon warmi-up, in addition to some regeneration of the starting material. Thus, the 1ci
temperature photochemistry of (-

5 -C5Hs )W(CO)3 (n-CsH,,1 ) yields two observatle s:;ecies ,-:7t
would not be observable in the thermolysis.
Warm-up of (Tj5-CsHs)W(CO)2 R (R = CH, n-CsHj1 ) in frozen alkane solutions containing Poh.

yields the formation of (rs-Cc.Hs)W(CO)7-(PPhj)R (vCo = 1935, 1860 cm-*) consistent witn the
conclusion that the species associated with the -1950, -1865 cm' absorptions is due to the
16-valence-electron species. Irradiation (355 nm) of (,5-C 5H5).,(CO)-R at 2YC in alkane

solution containing PPh, yields the same (qS-CsHs)W(CO)2(PPh,)R species, though for R =

n-CsH:l high concentrations of PPh, are needed to compete with the --H transfer to yield the
ailkene-hydride. The primary photoreaction of (n5 -C5Hs)W(CO)3 R is principally dissociative
loss of CO, as previously concluded, but when R = n-C5 Hj. the -H transfer can yield
ultimate loss of the W-C sigma bond.

The photochemistry of the (rS-CsHs)W(CO)3 R species has been extended to the R = CzHs species
and to Mo and (W-Cs(CHO)S) analogues (Ref. 7). The systems that have been investigated so
far are sumarized in Table 1. The quantum efficiency for CO loss in each case is in the

TABLE 1. Mo and W complexes investigated with respect to -hydrogen a
transfer induced by photoexcitation, (-S-CsR's)M(CO).R (Ref.7).

M R# R Comments

W H n-C5 H11  355 nm irradiation yields trans-(- -C5 R'5 )-

W H C2H5  W(CO)2 (alkene)(H) with , 
= 0.5 at 25C. At

W CH3  C2 H5  77*K, primary photoproduct is (n5-C5 R'5 )W-

(CO) 2R.

HMo H n-C5H1 1  355 nm irradiation yields (n
5_-C5R'5 )Mo(CO)3H

Mo H C2H5  with 0 z 0.5 at 25*C. At low temperature

the primary photoproduct is (n-C 5R'5 ), Mo(ClR

and warm-up yields trans-(n 5-C5 R' 5 )Mo(CO)2-

(alkene)(H).

Mo H CH3  355 nm yields photosubstitution with 0 t

W H CH3 0.5 at 250C to form (nSC 5Rt5 )M(CO) 2(PPh 3 )R.



At low temperature primary photoproduct is

(n 5-C5R
' 
5) M(CO)2R.

aAll reactions v.ere carried out in deoxygenated alkane solution using
355 + 15 nm excitation.

vicinity of 0.5 at 25'C. For each system where R has £-H's we observe products from the
B-H transfer reaction of the 16-valence-electron primary photoproduct from loss of CO,
eq. (9). The formation of hydride products can be completely suppressed by the presence of a

-H trarsfer 18-valence-electron alkene-hydride

18-valence-electron alkyl h,) 16-valence-electron alkyl (9)

,PPh3  18-valence-electron alkyl

sufficient concentration of PPh 3. For the Mo complexes the alkene-hydride is only detectable
at low temperature. The Mo-containing product at 200C in alkane solvent is (nlCS5R

'S)Mo(CO)3H
formed via the sequence, eq. (lo)-(12).

(nc 5
5R15 )Mo(CO)3R h (n'-C 5R'5)Mo(CO)2R + CO (10)

(n5-CsR'5 )Mo(CO) 2 R - (rS-C5R#5)Mo(CO) 2(alkene)(H) (11)

(n5-C5R'5 )Mo(CO)2(alkene)(H) + CO -- (n5-C5R'5 )Mo(CO)3H + alkene (1,2)

Interestingly, the infrared and I'C nmr spectra of (ri-CsR'%)M(CO) 2(alkene)(H) are
consistent with species being the trans isomer. Study of the rate of the _:-H transfer
reaction of the 16-valence-electron species as a function of temperature gives an activation
energy in the vicinity of 40 kJ/mole. The activation energy for cis-trans isomerization in
such complexes is -40 kJ/mole (Ref. 8). Thus, the activation energy and the fact that tne
cbserved alkene-hydride complexes are trans isomers suggests that the _3-H transfer first
gives a cis-alkene-hyd'ide that can then-isomerlze to give the trans isorer. The for-ation
of the cTs-alkene-hydride may therefore be very fast and reversible, with cis - trans
isomerization of the complex representing the rate determining step in observing the
trans-(n'-CsR's)M(CO):(alkene)(H) species. Whatever the detailed mechanism, the forTation of
i-lkene-hydride can be detected at fairly low temperatures; reaction half-times from the
16-valence-electron species can be as short as several minutes at -150 K.

Alkyl complexes of Fe and Ru: (,-C5R'.)M'(CO)-R
Complexes of the formufa ( -CsR' 5 f'(CO)2R (M' = Fe, Ru; R' - H, CH3 ; R = CH3 , C2HS,
n-C5H11 ) have also been subjected to irradiation (Ref. 9). In this set of complexes the
possible alkene-hydride proGuct from the R = C2Hs and n-CmHjj species must be cis. However,

, like the Mo species above, the alkene complexes are labile and alkene-hydride Zoplexes are
not observed as photoproducts at 25'C (Ref. 9, 10). Rather, the R = C2H5 and n-CsH!;

$ species give the (n5-C5R's)M'(C
O)2H complexes as the observed photoproduct, presumably via

tthe sequence eq. (13)-(15) (Ref. 9). Support for the primary photoprocess represented by

(n5 _C5R,5)M,(CO)2R h- (n5-CSR'5 )M'(CO)R + CO (13)

*I (n5-C5R'5)M'(CO)R - (nsC 5R'5)M'(CO)(alkene)(H) (14)

(n5-CSR' 5)M'(CO)(alkene)(H) + CO - (n5-C5R'5 )M'(CO)2H + alkene (15)

eq. (13) comes from the substitution quantum yield data given in Table 2 for

TABLE 2. Quantum efficiency for photosu stituti-n of (nm-CsH5)Fe(CO) 2CH3
to form (n'-CsHs)Fe(CO)(L)CH 3.

L, M 0 + 5%

PPh3, 5.2 x 10- 3  0.71

PPh3, 4.9 x 10-2 0.68

P(O-o-tolyl) 3 , 4.7 x 10
-2 0.72

P(O-o-tolyl) 3, 5.1 x 102 0.71

13C0- 5 x 10- 3  0.69
aAll reactions carried out in deoxygenated alkane solution at 250 using



366 nm excitation (Ref. 9).

(- -C;H 5 )Fe(CO)2 CH3 . The -0.70 quantum yield for substitution is independent of the entering
group or its concentration. Even 11CO as an entering group is as good as the P-dcnor
entering groups. The data tend to rule out "ring slipoace , - '-.--C5Hc, as the patt-.wa!
for photosubstitution. In fact, the "CO quantum yield rules out the ring slippage unless
it can be argued that the CO's in a species such as (- -C;Hs)Fe(CO)z(L3 CO)CH 3 are not
equilibrated to give statistical loss of labelled and unlabelled CO when the r:-C 5 HS
relaxes back to MS-CEHs.

Curiously, and unfortunately, the presumed 16-valence-electron intermediate
(.,-C5R 5 )M'(CO)R has not been observed upon irradiation of the parent dicarbonyl in low
temperature matrices. However, the startling result is that (5-C5H-)Fe(CO)zC 2Hc does give
(,r'-CsHs)Fe(CO):H in inert matrices at temperatures as low as 10 K (Ref. 11). We have shown
that the 77 K reaction is essentially completely suppressed by using a I-pentene matrix
which rules out the possibility that the elimination of the metal hydride is a unirolecular,
single-step result of excited state decay. At 77 K in inert matrices the photocenerated
intermediate leading to (-5-CsH5)Fe(CO)zH from irradiation of the -C:H species reacts
completely in a half-time of less than 60 s. This shows that there is a low activation
energy for both the 3-H transfer and loss of alkene from the presumed alkene intermediate.
Irradiation at low temperatures and in rigid media does not reveal any intermediates in
the formation of the metal hydride, but it is attractive to conclude that a 16-valence-
electron (ns-CsR's)M'(CO)R intermediate is involved, since the evidence from the quantum
yield data provide convincinn evidence for the primary generation of such species in
solutions at 25'C. 'Whatever the intermediate at low temperature,it is extraordinarily
reactive.

Evidence for very labile alkene complexes of the (rn-C5H5 )Fe(CO)(alkene)R type comes from
irradiation of (r-,CsHs)Fe(CO):CH in low temperature isooctane solution containing I '.!
l-pentene, (Ref. 9). At -90'C (ni-C 5Hs)Fe(CO)(alkene)CH is detectable by infrared szectro-
scopy, -1957 cm-!, but upon warming to-20-C, the (n5-C-Hs)Fe(CO)2CH, is completely
regenerated by reaction with the CO released in the primary photoreaction. Addition c Dh:
to solutions containing (-1 -C.H,)Fe(CO)(alkene)CH 3  rapidly gives (-:-C-H.)Fe(CO)',?Ph,;C. .
The point is that the (s-Cr 5HS)Fe(CO)(alkene)R is very labile and the system seems to
voraciously seek even small concentrations of CO. These facts are consistent with
(-.s-CdH.)Fe(CO) alkene)H as an intermediate in the conversion of the (--CH)FeKCC). to
( LC Hs)Fe(CO-H. However, there is still no direct spectroscopic evidence for tre
alkene-hydride,and it is remarkable just how reactive the presumed intermediate actually is.

Consistent with the mechanistic proposal represented by eqs. (13)-(15), the irradiation of
(r5-C.H )Fe(CO)2C2H5 in the presence of PPh3 yields both (-

5-C5HP)Fe(CO)(PPh3)CcH ana
(_.q5 C.H5)Fe(CO)(PPh 3)(H), in addition to (n5-C5H5)Fe(CO).H. The amount of
(nLsCH)Fe(CO)(PPh3)CZH5 relative to the total of all hydride products formed depends on
the concentration of PPh 3 , Table 3, in a manner that is consistent with the sort of

TABLE 3. PPh3 concentration dependence on photochemical formation of
(n5-CH 5 )Fe(CO)(PPh3 )C2H5 vs. (n5-C5H5)Fe(CO)(L)(H) from

(n5-C5H5)Fe(CO)2C2H5 (Ref. 9).

Photoproductsa
[PPh 3], M % Substitutionb % Hydrides c

0 0 100
0.002 3,8 96.2
0.012 14.5 85.5
0.020 24.8 75.2
0.029 29.6 70.4
0.035 30.6 69.4
0.055 40.1 59.9

aIrradiation (355 nm at 25'C) of 0.01 M (n5-C5H5 )Fe(CO)2C2H5 in deoxygen-

ated isooctane containing variable amounts of PPh3.
'.b% (n5-C 5H )Fe(CO)(PPh 3) C Hs .

c% (nS-C 5H5)Fe(CO) 2H + (n -C5H 5) Fe(CO)(PPh 3)H.

competition suggested by eq. (9) where the 16-valence-electron primary photoproduct is
either scavenged by the PPh 3 or undergoes the unimolecular S-H transfer. With the knowledge
that entering groups such as PPh 3 can scavenge 16-valence-electron species with bimolecular
rate constants in the vicinity of -106 M- s-or greater (Ref. 12 & 13),we conclude that the
unimolecular rate of 8-H transfer could-be greater than 106 s-1 at 250 C. Flash photolysis
studies are now in progress to measure this rate directly. The 16-valence-electron



(n'-CaHl)M(CO)2 R (M = Mo, 'A) species (Ref. 5 & 7) and other coordinatively unsaturated
species (Pef. 2) are nighly colo'ed. Thus, it is reasonable that (-5-C-H,)Fe(CO)R would
also be highly colored ana kinetic flash experiments should be possible to measure the ;-H
transfer rates. Time-resoived Ra:"an soectroscopy Rof. 1 should also be applicable to
these systems to gain molecular structural information for the intermediate(s).

Olefin isomerization and 3-H transfer
The photochemical studies of alkyl complexes clearly show that inert 18-valence-electron
species can yield very reactive 16-valence-electron alkyl comolexes. In some cases, both
the 16-valence-electron alkyl and the 18-valence-electron alkene-hydride species from :-H
transfer can be spectroscopically characterized. Aside from providing firm support for the
mechanism of 3-H transfer, the studies can provide direct insight into one of the mecnanisms
for alkene isomerization. For the n-C5 H1 1 complexes studied thus far we find that
irradiation at 25'C ultimately yields n-CsH 12 and a mixture of the linear pentenes (Ref. 5,7,
& 9). The production of a mixture of alkenes can occur via a reversible -- H transfer
process. Previous work on the thermal isomerization of species such as (-1-CSH,)Fe(C0)(PPh,)-
(2_-CH,) to ('.-C5H,)Fe(CO)(PPh,)(n-C4.H) (Ref. 15) has oeen proposed to occur via
dissociative loss of PPh 3 as the rate limiting step followed by fast, reversible :-H transfer.
The data showed that the terminal bonded alkyl is preferred(Ref. 15). Irradiation of
(n5 -CsHs)Fe(CO) 2 C2 H5 in the presence of 1-pentene does lead to some catalytic
isomerization, but the extent conversion and the initial rate is low. The low extent
conversion is likely due to the fact that the active hydride species eventually reduces
alkene to alkane and yields [(,i-CsHs)Fe(CO)2]2 which does not catalyze 1-pentene isomeri-
zation thermally or ohotochemically at 25°C (Ref. 16). The low initial rate could be due to
the low frequency for formation of (-5 -CsH.)Fe(CO)(2-C5 H1,) from (n5-C5H,)Fe(CO)(I-t .H. )(H).
These studies are still in progress.

The Mo and W complexes could also yield alkene isomerization. The 14-alkene-hydride complexes
are too inert to give significant rates at 25"C'but the Mo species are sufficiently labile so
that isomerization could be effected. Again, however, net reduction of alkene to alkane
with formation of inactive dinuclear complexes will ultimately lead to loss of catalytic
activity.

LASER LIGHT ACTIVATION OF IRON CARBONYL CATALYSTS

Light-induced loss of CO from Fe(CO)E, eq. (16), is one of the oldest known photoreactions of

Fe(CO)5  hv Fe(CO) 4 - CO (16)

transition metal organometallics (Ref. 17). This process is undoubtedly the first step in
the photochemical formation of a very active catalyst for the isomerization, hyorocenation,
and hydrosilation of alkenes (Ref. 18). Activation of Fe(CO)s requires near-ultraviolet
light, since the Fe(CO)s does not aosorb strongly in the visible. However, it appears tnat
visible light irradiation of Fe.(CO);z,which does absorb strongly throughout most of the
visible, yields the same active catalyst as ultravioleL excitation o,- Fe(CO)! (;ef. IV,.
While we are also currently pursuing the nature of the various intermediates using low
temperature techniques, we have recently characterized the catalytic activity of Fe(CO)z
and Fe3(CO)12 when subjected to very intense irradiation from a visible or ultraviolet laser
(Ref. 20). The basic issue addressed in this study is whether the excitation rate of the
catalyst precursor can ever be so large that the rate of isomerization actually becomes rate
limiting.

The isomerization of aikenes, for example, is believed to occur via a --allyl-hydride

intermediate generated by the sequence indicated in Scheme I. Since the Fe(CO).(alkene) is

Fe(CO) 5 or Fe 3( CO) 12

jhv

Fe(CO) 3 (alkene)

alkene'

Fe(CO) 3(alkene)(alkene) HFe(CO)3(7r-allyl)

Fe(CO)3 (alkene')

Scheme I. Catalytic cycle for alkene isomerization. Alkene and alkene'
represent isomers.



not significantly tnerrally active as an isc,'erization catalyst and it is the dominant
species in alkere solutions ofe( 20 or Fe (CO) - under illumination, it is possible that
tne rate of loss of C. from t:is ::es limits -. e rate of product formation. Exci"- ation
rate can thus te liriting crcc~ct for'ation rate even when the quantum yield for proc:ct
formation si-nificantl .nre.- s rity. That is, once Fe CO):alkene is pnotoceneratec "any

molecules of alikene can be iscmariIzec before inert Fe(C0>.alkene forms, but more isomerizea
alkene can be formed per unit ti,,e if the steady state concentration of Fe(C0);alkene can oe
increased by an increased evcitnation r-ate. At some hinh liht intensity it should be
impossible to raise the steady-state concentration to a higher value. When this is the case,
the true turnover rate of the Dhotoactivated catalyst can be equated to the rate of product
formation divided by the Fe(CO) 3alkene concentration.

Table 4 summarizes some data for Fe(CO)5 and Fe3(C0)..z photocatalyzed alkene isomerization

TABLE 4. Fe(CO) 5 and Fe3(CO) 1 2 photocatalyzed isomerization of l-pentene. a

Catalyst ir-dn Source, Conv. to b Turnover Rate,t
Precursor, M (time, s) 2-pentenes miin-

Fe(CO) 5 , 8xlO 
3  2.SW-333,351,364 nm

(5) 27 68 3700

(10) 35 44 2400

Fe3 (CO) 12 , 5xlO
" 3  l.3W-514.5 nm

(10) 7 11 700

(30) 24 13 900

aAr ion laser excitation at indicated wavelength and power. Starting substrate 's

neat 1-pentene, 9.14 _! (Ref. 20).
bObserved quantum yield for 1-pentene consumption.

cObserved = of 2-pentene molecules formed per min per Fe initially added.

using laser light activation. The data show that no light intensity used is su f'cie.'./
high tnat tre isomerizaticn rate is limited by the actual turnover rate of ,ne cataist.
since the ocserved uantum yields still exceed unity. The data do allow a tower.1"zto ze
placed on the turnover rate, and ,.,e find that the system e:nibits an extrsorrdinr'.ril/ ;4i- turrover
rate for alkene isomerization. in fact, the data place the iron carbonyl systems amor; :re
fastest homogeneous catalysts for alkene isomerization.

Interestingly, -hotocatalyzed hydrosilation of 1-pentene by HSiEt using either Fe(CO)- or
Fe;(CD)iz also reveals the Fe systems to be extraordinarily active catalysts, Table 5. Again,

TABLE 5. Fe(CO)5 and Fe3(CO) 1 2 photocatalyzed hydrosilation of 1-pentene by

HSiEt 3.a

Catalyst Irrdn Source % Consumption c Turnover RateX

Precursor, M (time, s) of l-penteneb min-1

Fe(CO)5 , xlO - 2  2.5W-333,351,364 nm

(5) 42 42 1700

(10) 50 24 1000

Fe 3 (CO) 1 2 , 5xl0 3  7.5 14-514.5 nn

(10) 42 5 1800

(20) 59 3 1300

a Substrates are 3.66 "1 1-pentene, 3.66 M HSiEt 3 , Deoxygenated systems are excited

using an Ar ion laser at the wavelength and power indicated (Ref. 20).
b_-2 5% of the products are 2-pentenes; -75% of the products are n-C5H1 2 , ,(n-pentyl)-

SiEt 3 and (pentenyl)SiEt 3.

CObserved quantum yield for 1-pentene consumption.

dObserved turnover rate, i of 1-pentene molecules consumed per min per Fe

initially added.

the turnover rates given represent lower limits, since the observed quantum yields exceed



unity. For the same 1/1 l-pentene/HSiEt 3 substrate mixture we find that the photocatalyzed
reaction using Fe(CO); or Fe:,CO:* is faster than the thermal hydrosilation catalyzed by
Co:(CO) . The hydrosilation of 3ikeres by hzPtClj likely exceecs the rato of otcca3al ':eo
reaction and the Pt system will likely tolerate a larger range of furctional grouts., but
tnis point requires further investigation.

The catalytic data in Tables 4 and 5 establish the Fe carbonvl catalysts formed by
irradiation to be very reactive at 25-. Previously 'Def. 18) it has oeen shown that
irradiation of Fe(CO)s in neat 1-pentene at 77 K yields very active s:ecies, since
warm-up in the dark of such irradiated samples leacs to extensive isomerization of tre
1-pentene. Infrared analysis of such irradiated solutions after warm-up gives evidence 'or
only the formation of Fe(CO),(pentene) that is not a very active catalyst for alkene
isomerization at 25'C. However, the irradiated solutionsat low temperature are blue
in color, while the Fe(CO).(pentene) is colorless to yellow. Thus, it would appear trat tne
low temperature irradiation should allow the spectroscopic characterization of Fe caroonyl
species that participate in the catalytic cycle given in Scheme I.

Irradiation (355 nm) of Fe(CO) 5 in 1-pentene at 77 K first yields the formation of
Fe(CO).(l-pentene) 2032, -2020, -2000, and 1971 cr-. The Fe(COIl-pentene) is
subsequently photolyzed to give a new absorption at 1924 cm-' that can be logically
attributed to Fe(C0) 3(l-pentene).. Sequential loss of CO is confirm"ed by the appearance of
a feature at 2133 cm:due to CO in the matrix. The Fe(CO) 3 (alkene) species is relatively
photoinert. Warm-up of the system to the softening point of the 1-pentene matrix results
in rapid infrared soectral changes such that a strong feature at 1973 cm' and weaker
absorption at 2050 cm-, arw. 1.1e believe that this infrared spectral change is accomoanioaI
by a change in the uv-vis-,ir spectrum from a feature at -800 nm to one at -520 nm,glving triE

solution a red color. 'Warm-up to 298 K from this point leads to the Formation of tone
Fe(C0),(pentene) as the principal metal carbonyl product, while the species absorbing at
-1973 cm-- disappears. During this time extensive 1-oentene isomerization to the 2-oentenes
is detectable by infrared. Further studies will be required in order to identify the
red -1973 cm: species, but we believe that it is one of the species in the catalytic :.,cle.
Thcse preliminary data establish that irradiation at low temperature can reveal inter-eciates
of importance in the catalytic chemistry resulting from activation of -e CC). and FekCCY_

PHOTOACTIVATIO:J OF COBALT CARBONYL CATALYSTS

Many thermal catalyst systems have limited turnover numbers because there is a oatnwa. ut
of the cycle that leads to an inert complex. in some cases it may be possible to re-enter
tne ca~aiytic cycle by photoexcitation of the inert species. One system that .,e have
investigated from this point of view is the Co,(C0)a-catalyzed hydrosilation of alkenes,
Scheme 1I. After several hundred turnovers for the 1/1 l-pentene/HSiEt, substrate mixture

Co2(CO) 8

a l-pentene/HSiE t3

" "Catalyst"--

1-pentene + HSiEt3  -n-pentyl )SiEt 3

Et3SiCo(CO)4

Scheme IT. Catalytic cycle for hydrosilation.

at 25"C we find that catalytically inert Et3 SiCo(CO), accounts for >80% of the Co originally
added as Co2 (CO)q (Ref. 21). Consequently, we undertook an investigation of the photo-
chemistry of Et3 SiCo(C), and related species with the hope that catalysis could be
re-activated by irradiation and with an interest in establishing certain mechanistic features
of the catalysis.

One direct photochemical entry into the catalytic cycle would seemingly be via the light-

induced homolysis of the Si-Co bond to give .Co(CO),, eq. (17), since the metal-centered

3EtSICo(CO) 4 h - Et 3 Si" + .Co(C0)4 (17)



radical could couple to form CoiCOY.i -owvever, the Pr"';ary photoprocess is not Si-Co bond
homolvsis. ;ather, loss of 'C, eo. (i1S) ,OU 4.ol appear to r-eoresent the crimarv cnemical

Et 3SiCo(CC) 4  Ct 3-- tS iCo(C0;OY, Co (19)

result of pnotoexcitation. Irradiation of' EriSiCo(C,3). in the presence of P(0Ph)3 leacs to
clean, quantum effi ci ent su;bslt- -,tion toa for-7 -Et,.S iCo" C', .( i) , consist:ent .,i th
diss.-ci ative loss (if CC , e,7 I-:"; as :!,e 3:ay~ooccin ' ef. 2'".Further, . -a,.e
anchored -Co(CO), to high surface area SiO. and Al:O, via ea. (19) and (20) to establ'sn the

0 OH + (EtO) SiH Q -O-SiH 19)

Q OH =SiO, Al 03

/ 3 - -0-/iCO(CC) 4 +~* 1"2

Dorima ry notoreaction of the R,SiCo CO>. species (Ref. 22 &23). Irradiation of the

QO--SiCo(CO), powder under an atrosonere of :3CD (>10-fold excess of -'CQ) leads to

rapid, clean formation of Q.-SiCo( ' C3). via the intermediate substitution products as
monitored by Fourier trans form infrared photoacoustic spectroscopy (Ref. 23). Imc7ortantly ,

7''there is no significant loss of - Co(CO), species and no detectable CO2(C0)n(:CO -.n s
for-ed. Irradiation of suspensions of the SQ--SiCo(CO), powder in isooctane/D(CPh>

Q
sol utions yields the generati on of S -0-SiCo(CO 3  P(OPh) (Ref. 22) . T1hese results all
point toward dissociative loss of CO as the dominant oritmary ohotoreaction.

Several results, however, seem to support the conclusion that oro'pt Si-Co bond cleavaoe,
eq. (17), has some importance. r example, 4rraciation of Et;S4Co(C0)_ in isooctane solution
gives Cok(CD)5 and Co,2CO)j. as products; ultimately trese -,ao binary carnonyls accoun~t or
>80- of the Co (Ref. 21). ricwver, the cuantum vie'ci s oni, whereas onotosuzst't. ,tion
by P( OPh) 3 has a quantum yield of -0.3. Ir ediation of 7Et.SiCo(, -) in the cresence rcl
1-pentene, though, gives Co,-,C)/Co2,CO): wi t i -cod chem7ical and quantum, yields. :r this
case, the Si-containing product nas ooer ',,nt atea anc ceter mied to o)e _:enteny!(S'__:.,
accounting foar >90 oP the S.. -he co-.-3con o tne alkenyls4 ar couldj Occur via t'

seq uence reore sen tea oy ea . 2 1-.25. , t hut no ne -of t ne 4 rte -iediat es a re 1 etat

Et 3 SiCo(CO) 4 + 1-pentene h"' Et3 SiCo(C) 3 l-centene) -CO (21)

Et 3SiCo(CO) 3 (-pentene) - Et 3Sipentyl)-Co(CO)1 3 22)

gEt Sipentyl)-Co(CO)_' -~HCo(CO) (oentenylSiEt) (23)

CO + HCo(CO) 3(pentenylSiEt 3  HCo(CO) 4 + (pentenyl)SiEt 3  (24)

HCo(CO) 4 - Co 2(CO) 8 + ' H 2  (25,

Low temperature irradiation of EtSiCo(CO), (Ref. 21) or( r"-0-iCo(CD), (Ref. 23) in the

presence of alkene supports the first step of the above sequence: infrared spectroscopy
* reveals an inert Et3SiCo(COhil-pentene) complex (%~Co = 1960 cm-:) when 0.01 M Et'SiCo. CD).

is irradiated (355 nm) at -78'C in isooctane containing 1 M 1-pentene. Addition of P(3Ph)j
to the -78%C solution of Et3SiCo(CO)3(l-Dentene),'l-pentene followed by warm-up to 25CC yields
Et3SiCo(C0)3(P(0Ph)j) , consistent with the conclusion that the aikene complex is substitution
labile. Warin-up of the EtiSiCo(CO)3'(l-pentene)/l-pentene in the absence of any additives

( leads to decomposition, regeneration of Et3SiCo(CO). and the formation Of CoI(C0. 2 . Ths
the low temperature technique allows the spectroscopic characterization of the alkene ctomplex,
whereas it is too labile to be observed at 25cC. Apparently, the insertion of the 1-pentene
into the Si-Co bond, eq. (22), is the slow step in the formation of the (pentenyl)SiEt~,
since no new species builds to a significant concentration during the warn-up of
Et3SiCo(COWI(-pentene).

The conclusions drawn from irradiation of low temperature solutions of Et3SiCo(CO)./l-pentene

are supported by results for ®.--iCoCO)., irradiated at -500C in the presence of gas

phase alkenes such as ethylene, propylene, and isobutylene (Ref. 23). At -500C clean photo-
substitution to give a surface-anchored alkene complex is formed, whereas the same experiment
at 25%C leads to the loss of all surface-anchored Co-carbonyl species. Likewise, warm-up of

* Q-O-iCo(CO) 3(alkene) to 250C yields decomposition, presumably via the alkene insertion
reaction. The (S.-O-SiCo(CO), photosubstitution involving alkene entering groups was

we& -M M= L _L.. .



monitored by Fourier transform infrared photoacoustic spectroscopy. Preliminary results
also show that Dersistert coorsinativelv unsaturateo. surface-confined szecies can ze
photogenerated wnen the irradiation is carried out under vacuum at -50C. additional
studies are in progress to characterize the structure and reactivity of the surface-crfinrec,
unsaturated species.

The Fourier transform infrared ohotoacoustic spectroscopy is a new technicue that a!..'t the
determination of vibrational scectra of surface-confined species without sample
manipulation (Ref. 23). interfacial, solid/gas reactions can be monitored, as ,,e na,.e core
in the case of the alkene substitutions. Another reaction illustrates that the technioue
can be very useful in monitoring the production of gas phase products as well. Irraciation

of ()-O-iCo(CO). in the presence of an 0, atmosphere results in the generation of cas
pnasTCO2 along with CO as all metal carbonyl absorptions decline. The Co product is an
oxide 'Ref. 23). Similarly, irradiation of Ph3 SiCo(O), as a pure solid in the presence :f
0- results in the formation of CO: and CO. Low terperature studies ay reveal an inter-
mediate 0. complex and such studies are currently in progress.

One remaining photoreaction of RSiCo(CO), deserves discussion. Irradiation of RSiCo.LC>.
in the presence of R'jSiH results in the exchange reaction represented by eq. (26) "Ref. 21).

Et3SiH + Ph3SiCo(CO)4  Et3SiCo(CO)4 + Ph3SiN (26)

The exchange reaction has high quantum efficiency, -0.3, but it is completely suppressed 'v
the addition of a sufficient quantity of P(OPh)Y leading to R3SiCo(CO),(P(GPh)2) as tne
only detectable product beginning with RISiCo(CO).. Thus, it would apear that exchange

occurs via eq. (27)-(30). Consistently, the irradiation of suspensions of -O-SiZo ,C).

RR3Sio(CO)R CO {27)R3SiCo(CO) 4  3SC(C) +'

R3 SiCo(CO)3 + R'3 SiH (R3Si)(R'3 SilCo(CO)3H (2S)

(R Si)(R 3Si)Co(cc) R.

R'3SiCo(CO) 3 + CO - R 3SiCo(CO)4  30)

in isooctane/HSiEt3 solution leads to the clean formation of Et3SiCo(CO). and presumaDly

* Q O-SiH (Ref. 22).

The conclusion from all of the studies of RSiCo(CO),. and (-O-SiCo(CO). is that

dissociative loss of CO is the dominant result following photoexcitation. The only chemical
result that is not consistent with this being the exclusive mode of chemical decay is that
irradiation in isooctane alone leads to Co,(CO),/Co,(CO) 2, albeit with low auantum yelc.
The Co,(CO)12 is logically a photoproduct from irradiation of Co:(CO), or a product from tre
intermediate(s) responsible for Co,(CO), formation. The Co2 (CO)'/Co. C3)j products could be
due to low level olefin impurities in the alkane, since addition of alkene has been srown to
facilitate the Co2 (CO) 8/Co(CO)12 formation via the intermediacy of a labile R,SiCo(CC)3 -
(alkene) species. In any event, there is only minor importance for Si-Co bond homolysis
relative to Co-CO bond cleavage.

Returning now to the question of photoactivation of the hydrosilation catalysis using
R3SiCo(CO),, we have found that alkene isomerization, hydrosilation, and hydrogenation can be

effected by the irradiation of R3SiCo(CO). or 0-O-- SiCo(CO), in the presence of l-pentene/

* HSiEt 3 /H mixtures. Despite the fact that Co-CO bond cleavage is the dominant primary ohoto-
process it is apparent that the photoactivation yields the same catalysis as found using the
thermal precursor Co2 (CO) s (Ref. 24). Table 6 summarizes some data comparing the Coz(CO),

thermal system and the pnotoactivated -SiCo(CO). system for l-pentene isomerization

and hydrosilation. Like the photoactivated Fe(CO)s, Fej(CO)1 2 systems summarized above, the
photoactivated silyl-Co(CO), systems exhibit a light intensity (excitation rate) dependence
on the product formation rate. Thus, the turnover rates given in Table 6 for the photo-
activated Co system represent lower limits. What is noteworthy is that the photoactivated
system comes close to the product formation rate that can be achieved with the thermal
system. Note also that the thermal system ultimately gives a smaller number of product
molecules per Co, since thermally inert Et 3SiCo(CO), forms (Ref. 21). Irradiation does



TABLE 6. Comparison of 2o2 (CO)8 -catalyzed and $j---Co(CO) 4-photo-

catalyzed i,,drosilation and iscr.7erization of l-pentene.a

Catalyst 7ir-e h, Product ( Conversio-n) Turnover Pate,
Precursor, MI h. or A h- b

o2,C, 8 , 2 x 10 24 (4 ) 2-pentenes 54.4) 1100

54 C. ) 2-pentenes (32.0) 750

96 (i.) (n-pentyl)SiEt3 (12.3) 125

237 (4 (n-pentyl)SiEt3 (15.5) 60
N

0--iCo(CO)c 56 (h,.) 2-pentenes (21.0) 180

4 x 10-- (n-pentyl)Sit 3 (4.0) 35

91 (hv) 2-pentenes (47.3) 250

(n-pentyl)Si Et3 (22.2) 120

aSubstrates are 3.66 H each 1-pentene, HSiEt3 . Thermal catalysis (.-.) was done at

250 C and photocatalysis (h,,) was done using a 450 W Hanovia Hg lamp as the

excitation source (Ref. 22).

b of product molecuies formed per hour per Co initiaily added.

CSuspension added to substrate, S = A12 03 ; the 4 x 10-3 M refers to the -Olar

concentration of anchored -Co(CO)4 groups.

re-activate the Co-(CO)? system. Finally, it is worth poirting out that the 0- - SiCo Co .

system involves .he pnotochemical formation of solution To-carronyl species. The bulk o-
the ohotocatalysis does not involve the surface-confined species, since tne irraciatcr, is
in the presence of i-pentene ana Et SiH both of which .i lead to cleavage of the
surface-Si-Co bond to release Co soecies into solution that can be subsequently photo-
activated to effect the catalysis (Ref. 22).

PHOTOACTIVATION OF MO!;ONUCLEAR AND POLYNUCLEAR POLYHYDRIDES

Many mononuclear, polyhydride complexes are known to undergo photoinduced reductive
elimination of H_, eq. (31) (Ref. 25). The resulting coordinatively unsaturated species

LxMHy h\ JLxMHy-2 + H2  (31)

may be active as a catalyst, especially if hydride ligands remain in the coordination sphere.
Such a species can straightforviardly effect alkene isomerization and participate in
catalytic cycles for hydrogenation, hydroformylation, and hydrosilation. In this section we
outline preliminary results for the activation of the polyhydrides H,,'I(DPPE)Z (M = .Mo, W;
DPPE Il ,2-bis(diphenylphosphino)ethane); HRu,(CO)1; H2Ru,(CO) 1 3 ; H20s)(CO).o; and
H20s 3(CO):o(PPh3,).

Photoactivation of HM(DPPE) .
The photochemistry of Hj'o(DPPE) 2 has been investigated previously (Ref. 25 & 26) and is
believed to result in the stepwise loss of two H2 molecules. Photoexcitation of H6M(DPPE):
in the presence of alkenes results in the stoichiometric reduction of the alkene. Table 7

TABLE 7. Reduction of alkenes by photoexcitation of H4M(DPPE)2 (Ref. 2 7 )a

A. Stoichiometric Reductions

M Irrdn. Time, h Substrate, M Product, %b 4c

Mo 0.28 I-pentene, 0.1 n-pentane, 50 0.06
0.77 1-pentene, 0.1 n-pentane, 100 0.05
28.3 cis-2-pentene, 0.1 n-pentane, 13 ---
1.3 3,3-dimethyl-l-pentene, 0.1 13.dimethylpentane.87 ---

24 cyclopentene,0.1 cyclopentane, 90 ---

W 3 1-pentene, 0.1 n-pentane, 29 0.004
48 1-pentene, 0.1 n-pentane, 87 0.001



42 3,3-dic:ethyl.-l-pentene,O.l 3.3.direthvil-penta ne.9 --
14 cyciopentene, 0.1 cyclopentane, 78 -

8. Cataivtic . nxc:z l .er 1) psi H,

M Irrdn. Time, h Substrate, M Product Turnover Numberd

Mo 15.5 1-pentene, 5.0 n-pentane 150

W 23.5 1-pentene, 0.1 n-pentane 3.2

aAll experiments for 10- 3 M H4M(DPPE )2 in deoxygenated toluene. Photoexcitation was

at 355 + 15 nm, 1.2 x 10-6 emn/min.
bBased on the assumption that H M(DPPE) can provide two molecules of H,.
C' of product molecules per photon incident.

dof product molecules per 11 .'(DPPE) initially added.

(Ref. 27). Remarkably, when beginning with 1-pentene or with cis-2-pentene there is no
detectable isomerization of the olefin, while reduction to alkane occurs. The reduction of
the terminal alkenes occurs faster than the internal alkenes, and the Mo complex has about
an order of magnitude higher quantum yield than the W complex.

Irradiation of HM(OPPE)- under H: in the presence of alkene results in catalytic hydro-
genation (Ref. 27). We propose the tentative mechanism represented by eq. (32)-k34). -he

H M(OPPE) H~-. HM(OPPE)2 + H2  (32)

alkene + H2M(DPPE )2  - HM(alkyl)(DPPE )2  (33)

2 +H(alkyl)(DPD'-) 2 - _ - 4 2M(DPPE)2 +alkane (34)

lack of isomerization is ouite unuIsual for a species that hydrogenates aitenes. The lack of
isorrnerization :iay be attrizutatle to the steric encumberance about t.ns certral. -tal..hat
ever the mechanism, the cata in Table 7 establish that photoexcitaticn can sigr4 rar"T>
alter the reactivity of a hydride species with respect to olefin reactions.

Photoactivation of HRuIC).- and H-Pu,(C).,
Polynuclear complexes containing three or more metals typically give quantum inef'icient
photochemistry, while dinuclear corrolexes often undergo very efficient net :ohotoreactilon to
form metal-centered radicals (Ref. 28). We have found that H.Ru,(CO)-, undergoes clean, out
quantum inefficient (, 5x103 1) photos ubsti tution according to eq. (35) (Ref. 29.) The

H Ru(O 1  L h\)h H Ru4(CO)12-nLn (n =1-4) (35)
3

*finding of clean photosubstitution suggests that we should be able to accelerate olefin
reactions known to be thermally catalyzed by HRu,(C). 2 (Ref. 30-32). The therral

*catalysis is believed to be initiated by dissociative loss of CO to form H. Ru,(CO) j. Thus,
the light-induced loss of CO should allow the catalysis to be effected at lower temperatures.

Irradiation (355 nm) of HRu,(C0),., at 25"C in the presence of an olefin such as alkene or
alkyne leads to stoichiometric reduction reactions with modest rates (Ref. 29), Table 8.

TABLE 8. Olefin reductions from photoexcitation of H4Ru4 (CO)1 2 (Ref. 29).a

OlfnStoichiometri c Catalytic, 10 psi H 2
Ird. %Conv.~ Product( s), Irrdn. T.O0.#c rdc~)?

Time,h Time,h

I-pentene 7 69 n-pentane.lO00 24 84 n-pentane.lO00d
cyclopentene 13 51 cyclopentane,l0O 24 206 ciclopentane,100
3.3-dlMe-l-pentene 7 80 3,3di-pertae.l00 24 127 3,3-diMe-pentane.100
1-pentyne 23 74 I-pentene,73 24 11 I-pentene,66

cls-2-pentene,10 cls-2-pentene.13
trans-2-pentene .1 3 trans-2-pentene , 10
a-Rentane.4 n-pentane, I

2-pentyne 23 60 I-pentene,24 24 137 I-pentene,2
cis-2-pentene.75 cis-2-pentene.19
trans-2-pentene ,l Trans-2-pentene .73
n-pentane, <1 n-pentane,6



aAll data for 0.1 N! oleinS5 x I-)_ H Ru4(O 1  in deoxygenated C6H6 solution irraoiarec
at 355 + 15 nm. at -1i.2 x e4~ e/mi .

bAssuIming H4Ru 4CO)12 can transfer tedo molecules of H 2.
%: of reduced ;::lecules per dRCO)?initially added.
d21-pentene to 2-centene ccmpetes w.ith hivorocenation. At these times the oentenes are at tre
therimodynamic ratio: --3. 1-pentene; -60.: trans-2-pentene; -l7 cis-2-pentene.

Under 10 psi H. catalytic hydrogenation occurs. No thermal reduction chemistry occurs at
25'C. Isomerization of 1-pentene is also accelerated by photoexcitation of H-Ru..(CO)_.
The photocatalysis oroducts succest that all steps after CO release have sufficiently low
activation barriers that reaction can proceed at 25C.

The irradiation of H.Ru.(CO)_2 : in the presence of 1-pentene leads to the initial forration
of HzRu.(CO):% as the orincipal metal carbony! product. The reaction presumably proceecs3
via the sequence represent.ed by eq. 36i-(3S). Processes (37) and (38) can account 'or tne

HR4C)2+alkene h" - G4u(O),1 (alkene) + CO (36)

H Ru (O 1 (alkene) - HRu4 C ,1 (alkvl) (37)

2C0 + H3Ru4(CO)11(alkyl) - H2Ru4(CO)13 + alkane (38)

generation of isomerized aikene ano alkane, respectively. Like HRu,(CO):., the H!RujrCO).
is a thermal catalyst for alkene isomerization Ref. 33). 'Ae find that irradiation of
H,Ru,."CC)-.3 accelerates a'kene isomerization at 25"C and leads to reduction of the aikane
and unidentified PRu-containinc products. Under H:-, the 355 nm irradiation of H2Ru,(CD>_
leads to HRu,(CO)j: presumably via dissociative ioss of CO. The dissociative loss of C
from H:Ru,(CO)- -=lso accounts for the photocataly/zed alkene isomeri zation and light-ir.d'.cez-
stoichiometric reduction of alkene to alkane. A detailed study of the photochemistry of
H,Ru,2CO>:3 and related species nas confirmea the conclusion that CO dissociation is tne
most likely chemical result from pnotoexcitation k'Ref. 34).

Our studies of the HRu_,CO:: and H:Pu.(C0).- systemrs establish that photoinduced loss cl
CO from polynujclear polyhydrides can lead to the aeneration of stoichiometricallv and
catalytically active reagents at 257C. it spiould be possible in these particular syst'e.s
to gain further irsight into the mechanisms of reduction reactions by monitoring such
reactions at temperatures below 25"C, as we nave done in the systems described above.

Photoactivation of H-Os-.(CO). - and H-OsI.CO)Y .Ph,
Like H,,Ru,(CO).,2, H,Os,(CO),. is a known thermal catalyst for the isomerization and hydro-
genation of olefins (Ref. 35). Near-uv irradiation Of H2OS3(CO).0 in the presence of
alkene accelerates the rate of isomerization and reduction to alkane (Ref. 36), Table 9.

TABLE 9. Photoactivation of H2 CO) 1 for 1-pentene isomerization and
reduction. (Ref . 36).~

Irrdn. X, nm (time) %n-Pentaneb isom. c t/c d I~ee

355 (3 h) 6.0 18.0 1.97 0.4 x 10-

(5 h) 25.4 32.1 1.99 1.0 x 10-3

(18.5 h) 66.1 63.7 2.85 1.0 x 103

Dark (6 h) 0.0 7.7 1.35

(9 h) 0.0 10.2 1.44

(18 h) 0.0 22.0 1.53

-. (48 h) 0.0 51.3 1.60

(146 h) 0.0 81.5 1.81
aPhotocatalysis and dark catalysis were carried out in 10-3 M H20s3(CO) 10/
b0.2 M 1-pentene in deoxygenated C6H6 solution.
bAssumtfing H20s3(CO)l 0 can transfer one H2 molecule.

cBased on consumption of the 0.2 M I-pentene.
d Ratio of trans-2- to cls-2-pentene products.
e# of a-pentane molecules formed per photon absorbed.



However, unlike the H..Ru.(CO):- system described above where the same initial trans/cis
ratio of the 2-penteres is formed therral!y nd ph-otocatalyticall, vie find that ;hzto-
activation of H:Os-\CC)i: gives a different ratio oi isoineric products. This indicates
that phctcexcitation of H:Os,(CO):j does not give the sa-,e catalytically active species. In
the tner..l catalysis it is possible that the crucial step is the addition of the alkene to
the coorainatively unsaturated H:Os.(CO'h . It is not oovious that photoexcitation of the
complex will promote the bindinc of alkene in any significant way. The absorption spectru;m
of the purple HzOs3 (CO):j in hydrocarbon solvents is not significantly altered by the
addition of alkene, supporting the suggestion that ligand binding is a crucial step. '.e
believe that tie equilibrium represented by eq. (39) lies far to the left and is not

H2 Os3 (CO)Io + alkene - H2Os 3 (CO)10 (alkene) (39)

significantly influenced by light.

The fact that photoexcitation yields a different initial ratio of trans- and cis-2-pentene
from 1-pentene suggests that the photogenerated catalyst is not the same as that obtained
by thermal activation. ,.e also note that photoexcitation into tne lowest absorption cy
irradiation at 632.8 nm with the sare intensity as at 355 nm leads to no acceleration of
alkene isomerization or alkane formation. Given that both CO loss and Os-Os bond cleavage
are known to occur upon pnotoexcitation of Os3 species (Ref. 37) we are not certain of the
primary photoreaction in H2 Os3 (CO)1 ,. Since we do observe photoproduction of alkane in the
presence of alkene, we tend to rule out loss of H2 as the result of photoexcitation. The
generation of a coordinatively unsaturated species by either loss of CO or Os-Os bond
cleavage could result in sufficient enhancement of the reactions of the hydride to give
increased catalysis rates at 25-C. Trradiation (355 nm) of the H-Os,(CO):T in the presence
of alkene under H. does yield catalytic hydrogenation, but we have not determined whether
the catalytically active species is the same as that generated thermally. However, it is
very apparent that photuexcitation changes the relative rate of hydrogenation vs. isoreri-
zation such that hydrogenation at 25'C is quite competitive with isomerization vhereas only
isomerization is observed at 25'C using thermal activation alone. This change in relative
importance for hydrogenation vs. isomerization coula be attributeo to either a different
catalyst or to rerely changing the rate limiting step in the catalytic cycle. This issue
is still under investigation.

The coordinatively saturated species HO.z,(CC):(PPh.). prepared by adding Ph; to r;_ . -

(CO) 1 .,also gives ac:eler.ted aikere isomerization and reduction wvhen subjected to 35f, .-
irradiation. As ocr H:OS.(CO):, the H2Os-(CO):PPh gives alkene isomerization but rot

reduction at 25'C. Product ratios suggest that the PPh, is retained in the coordination
sphere under illu-nination. Again whether CO is lost or Os-Os bond cleavage occurs is unclea.

Study of the irradiation of H2 Os 3(CO) 1, in the presence of halocarbons give the interesting
result that irradiation of the hydride can result in reduction of the halocarbon, Table 10.

TABLE 10. Photoreduction of halocarbons by H2Os3 (CO) 10 (Ref. 36 ).a

Halocarbon, M Irrdn. Product (C Conversion)
b  c, Halcar'bn, M Time, h

CCI 4 , neat 20 CHCI 3 (75) ---

CHCI 3, neat 20 CH2 Cl2 (100) ---

3-1-pentane, 0.1 4.5 n-pentane (100) ---

1-1-pentane, 0.1 1 n-pentane (8.1) 2.4 x 10 3

2 (29.6) 4.5 x 10 .

4 (81.8) 6.3 x 10- 3

1-Br-pentane, 0.1 5.1 n-pentane (10.3) 0.7 x 1O 3

55.1 (78.0) 0.5 x 10
- 3

1-Cl-pentane, 0.1 6.8 n-pentane (9.8) 0.5 x l0
- 3

54 (45.0) 0.3 x 10 - 3

aIrradiation with 355 + 15 in, -1.2 x I0"6 einlmin in deoxygenated solution

of neat halocarbon or C6 H6 solution containing 10-2 - I0 " 3 M H 2Os3 (CO)IO .

b% based on assumption that two RX can be reduced to two RH per

H2 0s3 (CO) 10

C# Product molecules per photon incident.



Similar enhanced reactivity o, the H Os (CO)::PPhi) cc,:'urs under 355 nm irradiation. The
quantum yields for the reduction of RX aooear to De about t.e s,&"e as for the stoichicmetric
reduction of alkenes, Table 9, sugnesting that the sa-e nrotocrocess leads to an active
reductant in eacn svsze;r. For C.l. :we find by infrared .nd *H nmr tnat t:e initial 3s-
containing species is (H)(Cl)2sjCO):2 . Ultimately, ;:ononuclear Os-carbonyl cnloride
species are generated, presumably as a secondary photorecticn. The 'etertion of the Os!
core establishes that the cluster can r-e-ain intact cur~rc the oc'crt'1 sis " al'ere
reactions, but this still aoes not resolve the issue of whether CO loss or Os-Os bona
cleavage is the primary chemical result from photoexcitation of H:s,CO)::. - should oe
emphasized that H2 Os,(CO)1 1 is inert with respect to RX reduction in the dark. The photo-
activation of RX reduction by irradiation of metal hydrides is a new reaction tnat will
receive continued study in this laboratory.

SUMMARY

A large number of thermally inert organometallic compleAes can be pnotoactivatet for
stoichiometric and catalytic reactions usina visible or ultraviolet ligrt. .n avoranle
cases, low temperature irradiation leads to the generation of spectroscopically detectable
intermediates, e.g. (n 5-C;Hs)W',i(CO):C2,H or Fe(CO)n(alkene).-n, that likely oarticipate in
catalytic cycles at higher temperatures where the steady state concentration is too I,. to
detect. The dissociative process of CO or H, loss and metal-metal bond rupture can lead to
the coordinatively unsaturated intermediates that pervade homogeneous and heterogeneous
catalytic systems. In some cases the same catalyst as generated thermally at iigh te-oer-
ature can be prepared photochemically at low temperature using the same orecursor,as in tne
case of HRu,(CO) 12 where loss of CO thermally or ohotocnemically produces an active srecies.
In other situations different catalysis results, as reflected in product ratios, ahen onoto-
excitation is used compared to thermal activation as in hydrogenation vs. isomerization
using H2 Os3 (CO):1. New spectroscopic technicues such as Fourier transfo- 'frare 4hoto-
acoustic spectroscopy will become important in the in situ analysis of heterogenlZeG

catalyst precursors, such as the case of ()-O-SiCo(Co). %) AltO or SiO-_)wnere

gas/solid interfacial photoreactions can be monitored.
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